The research presented in this paper aims at developing and validating a predictive tool of individual exposure to solar Ultra-Violet (UV) 
Introduction
Excessive exposure to solar UV light is the main cause of most skin cancers in humans. The increase of solar irradiation at ground level (due to anthropic pollution), the rise in standard of living (vacation in sunny areas), and mostly the development of outdoor activities have contributed to increase exposure (figure 1). Thus, unsurprisingly, incidence of skin cancers has increased over the last decades more than that of any other cancer.
This research aims at developing and validating a predictive tool of individual exposure to solar UV. Exposure levels of body parts are predicted on basis of ambient irradiation levels and information about postural activity. The prediction system uses existing techniques in the field of 3D rendering to visually sketch a rough but accurate estimation of the exposure distribution over body parts and is compared against individual dosimetric measurements. Our approach is based on the similarity of the UV exposure context with the rendering of 3D computer generated scenes.
Figure 1 Excessive exposure situations
The use of numeric methods adapted from 3D rendering should facilitate assessment of individual exposure and allow predictive scenarios (either prospective or retrospective). In the long run, a better quantification of exposures for specific occupational and leisure activities should assist in better targeting preventive actions.
As expressed in [30] , "applications of human modeling and simulation include many fields and industries. I name a few for your reference: medical, sports, manufacturing, military, forensic simulation, design for disability, comfort, biomechanics, exercise science, ergonomics, safety design, pain and injury, and many more. These topics range from the realistic modeling of humans-their looks, texture, and skin deformation-to the more advanced topics of behavior, motion prediction, and cognitive aspects." Human modeling and simulation is now a mature field [15] [22] [23] and apart from the film industry, it has been successfully applied in a wide range of areas: training [25] , ergonomics [21] [24] [27] , medicine [26] , surgery [28] and many more [30] . Surprisingly, although a particular interest has been dedicated to the human body exposure to UV [33] [34], very limited efforts have been brought to the application of human modeling and 3D Computer Graphics for estimating and visualizing exposure to irradiation in general [29] and to UV irradiation in particular [12] . Precisely simulating the UV irradiation phenomenon is unrealistic. However an accurate compromise can be achieved to sketch the phenomenon by using real data measurements and combining them with simple numerical simulation techniques such as the one applied for rendering in 3D Computer Graphics.
In the next section, we will define the scientific context related to the individual exposure to UV irradiation. We will then depict our model for simulating UV exposure based on ambient irradiation measurements data in section 3.1, which will bring us to the description of the implementation of our prototype simulator in section 3.2. We will conclude our study by discussing our experiments and results in section 4.
Scientific context
The rapid increase in skin cancer rates is becoming a serious public health problem. As cutaneous tumours are potentially avoidable by reducing one's sun exposure, more communication and information data about individual UV exposure are required in order to adapt the protection and the behavior with respect to sun exposure.
UV exposure depends on ambient irradiation level and individual factors related to activity (position to the sun, clothing, duration of exposure, and other forms of sun protection) [11] . The risk of skin cancer varies according to the skin type and the exposure of anatomical parts of the body.
We briefly review the effects of UV radiations, the current status of ambient radiations measurements and of exposure assessment.
Effects of UV radiations
Switzerland has the highest incidence of melanoma [35] . Most cutaneous cancers are basal and squamous cell carcinomas, for which prognosis is substantially better. In Switzerland, some 1700 melanomas and between 12000 and 15000 non-melanoma skin cancers are diagnosed every year [36] .
Although less frequent (about 10% of skin cancers), melanoma is a more severe disease. Because of this, and because it affects a relatively young population (half patients are diagnosed before 60), melanoma contributes significantly to lifespan reduction. The incidence of melanoma has doubled every 10 to 15 years in white skin populations during the last 40 years [1] . In Europe, about 26400 new cases of melanoma in men and 36000 in women are registered each year and about 16500 Europeans die from this disease [2] . One in five melanoma patients die from it, while early diagnosis and treatment could save most cases [3] [4].
Prevention and public health
At a population level, primary prevention activities sensitize the public to the deleterious effects of an excessive sun exposure, while secondary prevention aims at early detection and surveillance of high-risk individuals.
General irradiation indicators such as the UV Index have recently been added to the prevention tools. UV index has been developed and broadened as a didactic risk indicator to raise public awareness toward solar irradiation exposure. Until now, its impact on sun behavioral changes has however been limited [5] [6] . The important lag time between sun exposure and its observable cutaneous damage, along with the positive social perception of tanning, render compliance with the most sensible sun protective measures sometimes difficult [7] . More appropriate indicators have to be proposed in order to improve prevention. It must be pointed out that individual dosimetry has rarely been used as an evaluation tool in prevention.
As shown in an Australian study, informing people about the effects of an overexposure to the sun while taking into account the role of their activity in the daily UV dose seems to be an efficient sensitization strategy. A 33% reduction in sun exposure was measured, mostly because of behavioral changes during the most exposed activities when people are directly informed about UV measurements and exposure [8] .
Assessment of ambient irradiation
The monitoring of both the increase in skin cancer occurrence and the ozone layer depletion has increased the need of ambient irradiation data. Consequently, in situ measurements have been enhanced and generalized. Currently, ground radiation measurement stations exist in most European countries, either using broadband detectors or spectro-radiometers. In the context of individual exposure, 3 kinds of irradiation data are of particular interest: direct irradiation, diffuse air irradiation and irradiation reflection due to the surrounding environment (albedo). Human irradiation is usually expressed in MED (Minimal Erythemal Dose) units, which takes into account the UV action spectra (frequency weighting). MED measurement does not require a spectral analysis and may be obtained from broadband detectors having the adequate spectral response. Diffuse and reflected irradiation may also be obtained from broadband detectors equipped with a shading cache or facing ground, respectively. For example, a typical outdoor worker receives, depending on the latitude, an estimated annual dose of 300-1000 MED whereas an indoor worker having some outdoor recreational activities is exposed to an annual dose of 100 MED.
Assessing exposure
Ambient irradiation gives little insight on the effective radiation experienced by exposed individuals. Depending on the time and duration of exposure, and the body position to the sun, the human body may receive 24 to 61% of the total ambient irradiation [9] . Various dosimetric techniques have been developed to assess individual exposures (figure 2), such as photo-electrical captors or photo-sensible chemicals/biologicals (e.g. polysulfone badges). However, dosimetric measurements remain tedious, as many dosimeters (about [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are needed for each individual to assess exposure of various body locations. Moreover, exposure assessed by dosimetric measurements tends to be situation-specific and prone to epidemiological biases, so that their generalization remains difficult. Results obtained for a given activity can rarely be extrapolated to assess the exposure of the same activity in other ambient irradiation conditions. 
Individual UV exposure simulation
In this study, we are applying the sketching principle to the simulation and the visualization of a natural phenomenon. Similarly to complex object shapes many natural phenomena are highly complex to simulate. However, in many situations and contexts, a precise simulation is not required. Our global approach for visualizing the natural phenomena of human body exposure to Ultra-Violet (UV) can be compared to the concept of sketching: a sketch is usually a hand-drawn figure that approximates a specific shape. Although the sketch figure is not as precise as the shape itself, it provides enough visual clues and details and depicts the shape in a way that makes it "meaningful". By meaningful, we mean that anyone is able to identify the shape by looking at the sketch and that it conveys the ideas and intentions that the author wants to transmit. The basic objective of a sketch figure is not to reproduce exactly the shape of a given object but to communicate ideas about the object. The focus of sketching is communication rather than completeness. It does not mean that the sketch is not accurate, but that the accuracy is adapted to the intention to communicate. In Computer Graphics, non-photorealistic rendering (NPR) techniques have emerged in order to introduce expressive rendering such as sketch style [10] . One application consists in producing 3-D images with enhanced visual comprehensibility. Our objective is to appropriately communicate about body exposure in order to improve prevention. The communication objectives are for example to show how UV are distributed over bodies in order to help people how to dress adequately for outdoors activities or to help clothes makers to design accurate outdoors clothes.
Exposure model
The model previously developed in [11] uses UV irradiation datasets measured with a radiometer. The values of irradiation measured for a specific orientation (angle with the horizontal) are then applied on each body surface with the same orientation. That means, for a given geographical position, the solar irradiation has to be measured specifically for this purpose and for the duration of the expected exposure.
In our case, we use general continuous datasets of ambient irradiation measurements on a horizontal surface modified as a homogeneous sphere of irradiation. And then, we expose the 3D mannequin to this sphere of irradiation for the expressed duration.
Compared to [11] it means that we are able to use UV irradiation measurements performed by meteorological stations. Therefore, it is not necessary to be on the geographical location of irradiation and it is also possible to perform a retrospective simulation of the exposure as far as UV measurements are available.
The three components of the solar irradiation (direct, diffuse and albedo) are implemented in an existing program of human body modeling. Daily irradiation cycles were collected at the Baseline Surface Radiation Network (BSRN, SolarLight 501A UV broadband radiometers) station of MeteoSwiss at Payerne1 (located at 491m above sea level, figure 3 ).
Figure 3 Radiometer for measuring ambient UV irradiation
From the daily cycles data, the solar irradiation has been modeled to incorporate the human model in the field. The diffuse (D(t) in figure 4 ) and albedo (reflection through ground, R(t) in figure 4) components are considered as hemi-spherical homogeneous sources with the intensities varying in function of time whereas the direct component (I(t) in figure 4) is described as a parallel source of irradiation varying in intensity with time and in direction with the position of the sun.
The human 3D model is used to represent the exposed human. The body surface is subdivided into triangles whose size depends on the whished resolution. Each triangle receives a certain amount of energy according to the lighting from the solar irradiation. In function of the shadowing due to elements of the body, the posture and the orientation to sun, the perceived irradiation from a single triangle is expressed as a combination of exposure from the three components of the solar irradiation. The exposure of the body (expressed in J.m -2 ) can be visualized as the sum of the three components or as the contribution of each type of irradiation separately.
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Figure 4 Solar irradiation model
Implementation
We have developed a program prototype implementing our hypothesis regarding the UV exposure model. The objective is to assess if the exposure model is viable for a fast and accurate approximation of UV exposure of a human body in any posture. For this purpose we use a traditional human modeling and animation approach (figure 5) based on articulated skeleton and 3D surface skinning [15] available in [20] .
Figure 5 Human modeling and animation system
The simulation system is taking as inputs:
• the ambient UV irradiation measurements performed by meteorological stations that provide the global, diffuse, reflected and direct UV (in Watt/m2) at a step of 1 minute and the location of the sun (with the zenith and azimuth). We consider that the values are constant during the time step.
• the virtual mannequin represented as a 3D surface of connected triangles. It reproduces the shape of the real mannequin (figure 6.a) in the different postures (figures 6). The result is the virtual mannequin with color values assigned to each vertex of the 3D mesh surface (figure 8 & 9) . The color value represents the global exposure of the corresponding skin location. Intermediate values of exposure over triangles can be estimated by simply interpolating color values of the triangle vertices.
As exposed in figure 4 , we compute separately the 3 exposure components (diffuse / D(t); reflected / R(t) and direct / I(t)). The main issue for the computation is related to visibility: in order to estimate how much a given vertex of the 3D mesh receives, we need to estimate the ratio visibility with respect to the exposure source. Visibility is a critical issue in 3D Computer Graphics [13] [14] [31] [32] that arise at many stages of the rendering pipeline such as lighting and shadow computation. We adapt state of the art visibility computation and optimization techniques in the objectspace to suit our particular context: 1. Diffuse/reflected components: according to our assumption, these components are homogeneously spread over a half-sphere. Our basic approach consists in discretizing the half-sphere into regular subsurfaces. Each sub-surface is assigned with a portion of the global component and is represented by its barycenter. For each vertex of the 3D mesh, we estimate how many sub-surfaces are visible from the vertex. It allows estimating the ratio of exposure that the vertex is receiving. By calculating the visibility of each vertex from the half-sphere we construct a visibility map. This map needs to be constructed only once for the whole exposure session (only the exposure value is changing over time). Visibility computations are particularly expensive and heavy in computation time and resources as it requires a lot of intersection estimations. In order to optimize the global estimation, we first optimize the amount of vertices in the virtual mannequin and we use a hierarchical subdivision space approach (we divide the box that contains the mannequin into sub-boxes; these sub-boxes are first checked for intersection prior to the triangles of the 3D mesh) in order to reduce the number of useless intersection tests. [17] and makehuman [16] . 1) vcg: A portable C++ templated library for manipulation, processing of triangle and tetrahedral meshes. It includes a lot of algorithm for mesh processing task, like mesh cleaning smoothing and denoising.
2) meshlab: MeshLab is a portable, and extendible system for the processing and editing of unstructured huge 3D triangular meshes arising in 3D scanning. It provides a set of tools for editing, cleaning, healing, inspecting, and rendering.
3) makehuman: Makehuman provides a specialized application for parametrical modeling of threedimensional humanoid characters.
Makehuman is being used to produce the virtual human mannequin in the different postures and Meshlab to post-process the 3D scan of the mannequin and the virtual human mannequin from makehuman, particularly to fill holes, smooth and reduce the geometric data. Vcg is being used to implement the UV exposure estimation.
Experiment and results
A forensic mannequin (figure 6.a) has been exposed to the sunlight at the MeteoSwiss station at Payerne in different postures with individual dosimeters located at significant locations of the body shape. The resulting measurements are only used for comparison with the estimated results from the virtual mannequin. The forensic mannequin has been scanned (figure 6.b) with a full body 3D scanner in the standing posture.
The makehuman framework is being used to produce a rough 3D replica of the mannequin in the different postures ( Figure 6.c and 7) . The two 3D data sets in figures 6.b and 6.c are used to estimate the accuracy of the virtual mannequin compared to the real shape of the mannequin used for irradiation measurements. We use the ambient UV irradiation measurements performed at the meteorological station at Payern for the simulation in order to render the individual UV exposure onto the 3D mannequins. In order to communicate the main information, we use simple visualization techniques based on false colors. In figure 8 & 9 , for simplicity, the exposure value is scaled to a range of 0 to 255; values between 0 and 100 are assigned to the blue component (red and green components are set to 0), values between 100 and 200 to the green component (red and blue components are set to 0) and values above 200 to the red component (green and blue components are set to 0). We can check that we get consistent results on the top of the head and shoulders with the scanned mannequin and the virtual one, whereas results on the chest are different because of the cap worn by the mannequin, which is expected.
From the validation, we can establish that the model provides satisfactory qualitative results ( figure 9) . The values obtained from the dosimeters and the ones computed from the model are globally consistent. They do not show any systematic deviation. The largest deviations correspond to low exposure values and the model is under estimating the irradiation exposure at the wrist. The deviation is probably linked to the difference of orientation and configuration between the dosimeter and the virtual skin shape and also to the different shapes and articulated structures of the forensic and virtual mannequins. This is particularly true when matching the different non-standing postures. 
Conclusion
Future research and developments will aim at developing tools used in assessing individual exposure to solar UV. The proposed tool should enable to link, for any given ambient irradiation situation, factors of individual exposure to the effective dose received. The individual factors to be considered are those specific to an activity and susceptible to modify the exposure levels or exposure dose, namely: exposed skin surfaces, skin orientation to the sun, exposure duration. By linking individual factors and exposure, effective exposure (UV dose received) could be predicted for a given activity (work or leisure) in various ambient irradiation conditions. Several advantages of such a generic approach can be pointed out: as dosimetry is not systematically required any more to assess individual exposure, more assessments can be made at lower costs and prospective or retrospective assessments are also possible. Finally, objective quantification of the potential UV exposure (and risk) associated with various activities is possible; comparison of exposure between activities should enable to better rank at-risk activities and target sensitization messages and preventive measures. irradiation data, MIRALab at the University of Geneva for providing access to the full body 3D scanner and to the AIM@SHAPE (www.aimatshape.net) network for providing open access to the 3D shape processing tools.
